We discuss the contribution of Population III stars to the near-IR (NIR) cosmic infrared background (CIB) and its effect on spectra of high-z high-energy gamma-ray bursts (GRBs). It is shown that if Population III were massive stars, the claimed NIR CIB excess will be reproduced if only ∼ 4 ± 2% of all baryons went through these stars. Regardless of the precise value of the NIR CIB produced by them, they would leave enough photons to provide a large optical depth for high-energy photons from high-z GRBs. Observations of such GRBs are expected following the planned launch of NASA's GLAST mission. The presence or absence of such damping in the spectra of high-z GRBs will then provide important information on the emissions from the Population III. The location of this cutoff may also serve as an indicator of the GRB's redshift.
Introduction
Zero-metallicity Population III stars (hereafter P3) are thought to have preceded the normal metal-enriched stellar populations, but because they would be located at high z they are inaccessible to direct observations by current telescopes. If massive, they are expected to have left a significant level of diffuse radiation shifted today into IR, and it was suggested that the cosmic infrared background (CIB) contains a significant contribution from P3 in near-IR, both its mean level and anisotropies (see review by Kashlinsky, 2005 and references therein). This has recently received strong support from measurements of CIB anisotropies in deep Spitzer/IRAC images . If P3 are responsible for even a fraction of the claimed NIR CIB they would provide high comoving density of photons all the way to the P3 era. In this Letter we analyze effects of such photons on spectra of high-z high-energy gamma-ray bursts that would be observed with the upcoming GLAST LAT instrument to 300 GeV. We show that the claimed NIR CIB excess can be explained if only ∼4% of the baryons have gone through P3 stars. This would result in ∼ 0.1(1 + z) 3 photons/cm 3 whose present day energy is between 1 and 4µm. Such photons would provide large optical depth due to photon-photon absorption for GRBs (and other sources) at energies that will be probed with GLAST. Seeing this spectral damping at the appropriate energies in forthcoming GRB observations will provide an important test of the P3 era parameters.
CIB from Population III
Cosmic infrared background (CIB) is the repository of emissions from luminous objects throughout the entire history of the Universe, including from epochs inaccessible to direct telescopic observations. If all the populations were accounted for by the observed galaxy counts extending to faint flux limits then the total flux produced by the observed galaxies should match the levels of the CIB. This is more-or-less the situation longward of ∼ 10µm, but in the near-IR (NIR) the claimed levels of the CIB are substantially higher than the net fluxes produced by galaxies out to flux limits where this contribution saturates. This is true for both the mean levels (Dwek & Arendt 1998; Gorjian et al 2001; Cambresy et al 2001; Wright & Reese 2000; Matsumoto et al 2005; Arendt & Dwek 2003) and fluctuations (Kashlinsky & Odenwald 2000a; Kashlinsky & Odenwald 2000b; Kashlinsky et al 2002; Matsumoto et al 2005) and is discussed at length in a recent review by Kashlinsky (2005) to which the reader is referred for details. Fig. 1 shows the CIB excess levels (filled circles) over the net flux from galaxies observed in deep surveys (open symbols); the caption discusses the details. The excess is significant at 1µm λ 4µm, the range we term NIR, and its bolometric flux is (Kashlinsky 2005) :
At λ > ∼ 10µm we evaluated the upper limits shown in Fig. 1 at 12, 24, 450 and 850 µm as described in the caption. The wavelengths > ∼ 10µm contribute little, so we adopt the value of F NIR CIB excess for what follows.
It was suggested that the NIR CIB excess is produced by massive P3 stars at high z ( 10) (Santos et al 2002; Magliochetti et al 2003; Cooray et al 2003; Kashlinsky et al 2004) . Significant energy release by P3 is suggested from the recent measurement of CIB anisotropies in deep exposure Spitzer data . Because Table 5 and beyond). Briefly, the net CIB flux is adopted from Matsumoto et al (2005) at 1.65 µm, from Gorjian et al (2000) and Matsumoto et al (2005) at 2.2 µm, and from Dwek & Arendt (1998) and Wright & Reese (2000) at 3.5 µm and from Matsumoto et al (2005) at 4 µm. The flux from OG is taken from HST counts out to 2.2 µm (open squares from Madau & Pozzetti 2000) and from Spitzer/IRAC counts at 3.6 and 4.5 µm (open diamonds, Fazio et al 2004) . At λ > ∼ 10µm no CIB excess was observed and the levels of CIB are consistent with the net contribution from OG. The upper limits on the CIB excess there are shown where net flux from ordinary galaxies is known from SCUBA and ISO measurements. The CIB level at 450 and 850 µm was taken from Fixsen et al (1998) . At 12 and 24 µm we adopted the lowest upper limits on the net CIB flux using γ-ray blazar observations (Stanev & Franceschini 1998; Renault et al 2001) . They are also largely irrelevant for computations of the GRB photons absorption: vertical bars with left-pointing arrows show the range where photon-photon absorption is possible for the redshifts and energies indicated. The solid line shows the CIB excess spectrum used in computing the optical depth shown in Fig. 2 P3 stars, if massive, would radiate at the Eddington limit, where L ∝ M, the levels of the total flux produced by them are largely model-independent (Rees 1978; Kashlinsky et al 2004) leading to a robust prediction for the total bolometric flux from them. For completeness we reproduce briefly the argument from Kashlinsky et al (2004) : Each star would produce flux L 4πd 2 L , where d L is the luminosity distance. Because for massive stars L ∝ M, the total comoving luminosity density from P3 is n(L)LdL ∝ Ω baryon f * 3H 2 0 8πG , where n(L) is their luminosity function and f * is the mass fraction of baryons locked in P3 at any given time. In the flat Universe, the volume per unit solid angle subtended by cosmic time dt is dV = c(1 + z)d 2 L dt. Finally, these stars would radiate at efficiency ǫ (≃ 0.007 for hydrogen burning). This then leads to the closed expression for the total bolometric flux from these objects:
Here f 3 is the mean mass fraction of baryons locked in P3 stars and z 3 ≡ 1 (1+z) −1 is a suitably averaged redshift over their era. The total flux is a product of the maximal luminosity produced by any gravity-bound object, c 5 /G, distributed over the surface of the Hubble radius, R H =cH −1 0 , and the fairly understood dimensionless parameters. From WMAP observations we adopt Ω baryon h 2 =0.0224 (Bennett et al 2003) and, because the massive stars are fully convective, their efficiency is very close to that of hydrogen burning (Schaerer 2002) , ǫ=0.007.
Requiring that P3 stars are responsible for the flux given by eq. 1 leads to the fraction of baryons locked in them of:
Assuming z 3 ≃10 this is somewhat less than the ∼ 5% value suggested by (Madau & Silk 2005) and considerably less than the > ∼ 10% value of (Dwek & Arendt 2005) . Within the uncertainty of eq. 1, only > ∼ 2% of the baryons had to go through P3 in order to produce the entire NIR CIB excess. This is not unreasonable considering that primordial clouds are not subject to many of the effects inhibiting star formation at the present epochs, such as magnetic fields, turbulent heating etc. The only criterion for P3 formation seems to be that primordial clouds turning-around out of the "concordance" ΛCDM density field have the virial temperature, T vir , that can enable efficient formation of and cooling by molecular hydrogen (Abel 2002; Bromm et al 1999) . Assuming spherical collapse of gaussian fluctuations and the ΛCDM model from WMAP observations (Bennett et al 2003; Spergel et al 2003) the fraction of collapsed haloes at z=10 with T vir ≥(400,2000)K is (2.6, 5) × 10 −2 ; it can be derived from Fig. 2 in (Kashlinsky et al 2004) . These numbers are in good agreement with eq. 3. These stars would have to be dominated by masses > ∼ 240M ⊙ to be consistent with low metallicities observed in Population II (Heger et al 2003) .
The fraction given by eq. 3 was evaluated using the bolometric CIB excess integrating from 1 to 4µm, but if there were significant CIB excess flux outside that range, f 3 would increase. However, at wavelengths < ∼ 0.1z 3 µm the emission from the early times would be below the Lyman break and would be reprocessed to λ > ∼ 1µm (Santos et al 2002) . If z 3 < 10, which is unlikely, the rest frame Lyman break may be redshifted to < ∼ 1µm, but the possible extra CIB excess from <1µm will be compensated by f 3 in eq. 3 decreasing with z 3 . At longer wavelengths, the CIB excess given by eq. 1 can at most increase f 3 by < ∼ 30%.
Optical depth to photon-photon absorption at high energies at high z: application to forthcoming GRB measurements
If P3 at early epochs produced even a fraction of the claimed NIR CIB excess, they would provide a source of abundant photons at high z. The present-day value of I ν =1 MJy/sr corresponds to the comoving number density of photons per logarithmic energy interval, d ln E, of 4π c Iν h Planck =0.6 cm −3 and if these photons come from high z their number density would increase ∝ (1+z) 3 at early times. These photons with the present-day energies, E, would also have higher energies in the past:
They would thus provide abundance of absorbers for sources of sufficiently energetic photons at high redshifts via γγ CIB → e + e − (Akhiezer & Berestetskii 1965 ). Consideration of such interactions in astrophysical settings was started by Nikishov (1962) . Stecker & de Jager (1993) have pioneered its application to constraining the present-day CIB from the highenergy spectra of low-z blazars and it was applied as more high-energy blazar data became available (e.g. Stanev & Francenschini 1998 , Renault et al 2001 , Dwek & Krennrich 2005 , Mapelli et al 2005 . Madau & Phinney (1996) and Salamon & Stecker (1998) have considered effects by evolving normal galaxy populations on potential future intermediate z ( > ∼ 0.5) blazars. However, as shown in Sec. 2, P3 stars are likely to have provided a far more abundant source of photons at high z to interact with high-energy gamma-ray photons.
Gamma-ray bursts (GRB) are the most obvious sources of radiation whose high-energy spectra would be damped by the absorption from the NIR CIB excess photons. This effect was difficult to detect with EGRET because of its low sensitivity. Observations by EGRET have detected only 6 GRB's (see Piran 2004 and references therein) with one of them detecting a record energy 18 GeV photon (Hurley et al 1994) . A successor to the Gamma-Ray Observatory, GLAST is scheduled to be launched by NASA in 2007 and with its Large-Area Telescope (LAT) would provide significantly improved sensitivity needed for detecting highz GRBs out to E=300 GeV (http://glast.gsfc.nasa.gov). Its large field-of-view will ensure detection of up to ∼ 100 GRBs/yr. We show in this section that the photons produced by the P3 stars should leave a detectable signature by damping the high-energy part of the spectra of high-z GRBs.
We denote with E and E the present day energies of the CIB and GRB photons respectively and the primes refer to rest-frame energies, e.g. E ′ = E(1 + z) . The photon-photon absorption, being electromagnetic in nature, has cross-section ∼ that for the Thompson scattering, σ T ; it is:
where β = 1 − 2m 2 e c 4 E ′ E ′ (1−x) and x = cos θ. The cross-section has a sharp cutoff as β → 1, peaks at ≃ 1 4 σ T at β ≃ 0.7, and is σ ∝ β for β < ∼ 0.6. The mean free path of GRB photons in the presence of CIB would be (n γ CIB σ) −1 ∼ 0.8(σ T /σ)(1MJy/sr/I ν )(1 + z) −3 Mpc.
The right vertical axis in Fig. 1 shows the product of σ T cH −1 0 and the comoving photon number density for given I ν . The figure also marks the regions defined by the photon-photon absorption threshold. Discussion in Sec.2 makes it plausible that, if the NIR CIB excess originates from P3 stars, it must have a sharp truncation corresponding to the redshifted Lyman break, or ≃ 0.1z 3 µm. Thus we assume that, at least at high z, there are few photons at wavelengths that are shifted today to <1µm. At longer wavelengths there is no observational evidence for CIB excess over that from "ordinary" galaxies containing Population I and II, but at the same time only spectra of the sources of very high energy γ-rays at very high z would be affected by that range of the CIB. Thus it appears that there exists a narrow wavelength window of 1µm < ∼ λ < ∼ 4µm in which the CIB photons can interact with high-E, high-z GRBs and probe the emissions from the, so far putative, P3 era.
We assume a flat Universe dominated by the cosmological constant and that the photons corresponding to the NIR CIB excess originated from P3 at redshifts higher than that of the GRBs, so that n γ ∝ (1 + z) 3 . In this case, the optical depth of the observed GRB spectrum due to photon-photon absorbtion is:
where n γ CIB is the present-day photon density corresponding to the observed CIB excess. Fig. 2 shows the resultant optical depth and contributions to it from different z. In the calculation we adopted E max =1.24 eV (1 µm) and the form of n γ CIB corresponding to the solid line in Fig. 1 .
The onset of τ >1 occurs rapidly at GRB energies E > ∼ m 2 e c 4 /(1eV)(1+z) −2 ∼ 130(1+z) −2 GeV. The GRB spectra at these energies should either be strongly damped or there had to be only negligible energy releases from the P3 era. Given the high values of τ this would still hold even if P3 era produced only a small part of F NIR CIB excess , but assumes that the latter has a Lyman cutoff redshifted to ∼1µm today. If the P3 era extended to lower z, the Lyman cutoff would occur at the observer wavelength ∼ 0.1z 3 µm and GRB spectra would be damped at proportionately lower E. Thus, the location of this cutoff may also serve as an indicator of the GRB's redshift.
How robust is this result? First, photons due to optical counts of galaxies at much later times do not affect much the GRB spectra because τ ∼ zn γ σ T R H at low z (Madau & Phinney 1996) and they contribute n γ (z = 0)σ T R H ∼ a few as Fig. 1 shows. Furthermore, unlike the P3 photons for which n γ ∝ (1+z) 3 , those contributed by galaxies would have a comoving number density producing a still smaller contribution at earlier times compared to P3. Second, even if the claimed NIR CIB excess is not entirely cosmological, Fig. 2 shows that P3 emissions should still lead to a very large optical depth, which will be scaled as τ ∝ F NIR CIB excess . (We note again the recent discovery of significant CIB anisotropies from early cosmic times in the deep Spitzer images by Kashlinsky et al (2005) , which would strongly suggest large CIB flux production from that epoch). Thus P3 would likely be the dominant contributors to the optical depth to GRBs at high energies. Finally, the magnitude of τ at a given bolometric CIB flux should not be sensitive to the CIB excess spectrum because the (already narrow) range of 1-4 µm available to dampen GRBs at high z is further decreased by (1 + z).
Conclusions
It was shown that the claimed levels of the NIR CIB excess can be explained by emissions from P3 era with only ∼ 4% of the Universe's baryons going through these objects. Even if P3 emissions contribute only a part of the NIR CIB excess, the photons from these stars would be sufficiently abundant to provide a large optical depth by photon-photon absorbtion for high-energy spectra of high-z GRBs. This can be tested with observations from the forthcoming GLAST mission and would provide an important insight into the P3 era and a way of measuring GRB redshifts.
